VASCULAR ENDOTHELIAL GROWTH factor (VEGF-A), a potent angiogenic factor, is produced in large amounts by mature, healthy podocytes in vivo and in vitro within the glomerulus (3), which is not a site of overt angiogenesis. The discovery that neuropilin-1, a coreceptor for VEGF-R2, was also expressed by podocytes (14) led to investigations into the direct effects of VEGF-A on podocytes. These investigations revealed that exogenous and endogenous VEGF-A had an autocrine effect on podocytes resulting in increased survival (10) and that both human conditionally immortalized podocytes (hCIPs) and primary human culture podocytes (PCPs) expressed VEGF-R1 and VEGF-R3 protein and mRNA. VEGF-A is not thought to be a direct ligand for VEGF-R3; therefore, it was assumed that VEGF-A was signaling through VEGF-R1 in podocytes. It remained to be seen whether VEGF-R3 had a functional role in podocyte biology.
VEGF-R3 is expressed on various tissues, such as the spleen, brain, and epithelial cells of fetal lung (32) , although it is predominantly expressed on lymphatic endothelial cells in the adult (as reviewed in Ref. 21) . VEGF-R3 is a class III tyrosine kinase receptor of the same family as VEGF-R1 and VEGF-R2 (40) . It consists of seven Ig-like loops, a transmembrane domain, and two tyrosine kinase domains on its cytoplasmic tail (16) . Expression of VEGF-R3 by podocytes (10) suggests the possibility of local expression of one or more of its ligands, VEGF C and VEGF D. VEGF-C has many similar functions to VEGF, acting via VEGF-R2. It can stimulate proliferation and migration of endothelial cells and induce an increase in vascular permeability, but with a potency four to five times less than VEGF (18, 20) . VEGF-C also has angiogenic properties in in vivo models (5, 42) , but it is a more potent inducer of lymphangiogenesis (17, 35) . Actions of VEGF-C on lymphatic endothelium occur primarily via VEGF-R3 (25, 28, 35, 44) . Low-level generalized expression of VEGF-C is seen in early gestation with expression becoming prominent in perinephric, mesenteric, and cephalic regions during late embryonic development (25) . It is only weakly expressed in adult tissues including lymph nodes, heart, placenta, and intestine (19) .
VEGF-D has similarities in structure and function with VEGF-C and together they form a VEGF subfamily. They both have NH 2 -and COOH-terminal extensions and are proteolytically processed, which accompanies secretion and results in preferential, high-affinity binding to VEGFR-3 (20, 41) . VEGF-D is also a mitogen for endothelial cells (1) and stimulates both angiogenesis and lympangiogenesis primarily via VEGF-R2 and VEGF-R3, respectively (35) . As with VEGF-C, highest levels of expression are found during fetal development but it is downregulated as development progresses. In the adult, it is expressed primarily in lung (8) , heart, small intestine, and neuroendocrine cells (33) .
VEGF-C mRNA has been detected by RNase protection assay in adult human kidney (13) and by Northern blotting in rat (24) and mouse (9, 25) kidney. Relatively high levels of VEGF-D expression were detected in rat kidney by Northern blotting (24) and in situ hybridization also revealed renal expression of VEGF-D mRNA in young adult mice (8) . How-ever, no previous studies have sought to define the precise localization of these mediators within the kidney.
VEGF-C induces homodimerization, or heterodimerization of VEGF-R3 with VEGF-R2 (7), but there is no evidence of heterodimerization with VEGF-R1. VEGF-R2 is not expressed in cultured human podocytes as determined by PCR (10) , focused gene array, and Western blotting (38) , so any downstream effect of VEGF-C might be assumed to be a result of VEGF-R3 activation. VEGF-C induces transphosphorylation of VEGF-R3, which leads to various downstream signaling pathways, similar to that of VEGF-R2 by VEGF-A in vascular endothelial cells including migration and survival of lymphatic endothelial cells (28) .
In this study, we sought to identify potential sources of the ligands for VEGF-R3 within the glomerulus and to decipher the functional effects of VEGF-R3 intracellular signaling on cultured podocytes using exogenous VEGF-C, to assess whether VEGF-R3 signaling promoted survival in a similar manner to VEGF-R2, via VEGF-A. We began by determining the effects of VEGF-C on intracellular calcium concentration ([Ca 2ϩ ] i ), because this is a common second messenger involved in many cell signaling pathways and it was the first indicator that VEGF-A induced a signaling effect in podocytes (10) . The effects of VEGF-C on cytotoxicity were also determined to assess whether VEGF-C is involved in survival signaling in podocytes, including the use of VEGF-R3 and VEGF-R1 inhibitors, then the effects of VEGF-C on VEGF-R3 phosphorylation were further investigated. In blood vascular and lymphatic endothelial cells, respectively, VEGF-A and VEGF-C survival pathways are very similar but follow different time courses. For example in human microvascular endothelial cells (HMVECs), Akt phosphorylation (implicated in survival signaling) induced by VEGF-A peaked between 20 and 30 min after initial exposure, whereas Akt phosphorylation induced by VEGF-C peaked after only 10 min (28) . VEGF-C was also shown to induce a more prolonged upregulation of phosphorylated MAPK (also implicated in survival signaling) (28) . The effects of VEGF-C on Akt and MAPK phosphorylation were therefore investigated in this paper to determine the survival signaling pathway activated by VEGF-C.
METHODS
Nephrectomy tissue. Human renal tissue was obtained, with consent, from patients undergoing nephrectomy for renal carcinoma. Within 30 min of the nephrectomy, samples of cortex from the normal pole were taken for preparation of frozen and paraffin sections.
Cell culture. hCIPs have been previously described in detail (37, 38) . Briefly, the hCIPs contain a transgene encoding a temperaturesensitive mutant of SV40 large T antigen, which is active at 33°C but inactive at 37°C. In addition, the cell line has been stably transfected with the catalytic domain of the human telomerase gene, hTERT (31) . Cells proliferate at 33°C but when transferred to 37°C they stop dividing and develop a more differentiated phenotype. hCIPs were studied at both 33°C and after 14 days at 37°C (when fully differentiated). All podocytes were cultured in RPMI 1640 medium with insulin, transferrin, selenite (all Sigma, Dorset, UK), and 10% fetal calf serum. HMVEC (derived from neonatal pooled dermal tissue; Clonetics, San Diego, CA) were obtained at passage 3 and used for experiments up to passage 7. HMVEC were cultured in endothelial growth medium 2-microvascular (EGM2-MV; Cambrex, Wokingham, UK), made from endothelial basal medium 2 (EBM2; Cambrex) and fetal calf serum (5%), antimicrobial agents and growth factors as supplied. Cells being prepared for, or being used in, experiments were cultured in EGM2-MV without VEGF-A.
Experimental primary antibodies, secondary antibodies, recombinant proteins, and small molecule inhibitors. Antibodies used for immunofluorescence consisted of 10 g/ml VEGF-C goat polyclonal antibody (N-19, Santa Cruz Biotechnology, Santa Cruz, CA) and 20 g/ml VEGF-D monoclonal antibody (MAB 286, R&D Systems). Rabbit anti-goat (61-1611) and goat anti-mouse (62-6611) secondary antibodies, conjugated with fluoroscein isothiocyanate (FITC), were both used at 15 g/ml (Zymed Laboratories, San Francisco, CA). Antibodies for immunohistochemistry consisted of 1.14 g/ml VEGF-C goat anti-human polyclonal IgG primary antibody (Santa Cruz Biotechnology, SC-7133) in conjuction with 2 g/ml horse anti-goat biotinylated secondary antibody. Antibodies used for Western blotting consisted of 0.4 g/ml rabbit polyclonal anti-human VEGF-C (H190) primary antibody (Santa Cruz Biotechnology) used in conjunction with 0.0014 g/ml horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibody (Pierce, Cheshire, UK), 1 g/ml mouse monoclonal anti-phospho-Akt (p-ser 472/473) primary antibody (BD Bioscience, Oxford, UK) used in conjunction with 0.01 g/ml HRP-conjugated anti-mouse secondary antibody (Pierce), 1 g/ml mouse monoclonal anti-Akt antibody used in conjunction with 0.01 g/ml HRP-conjugated anti-mouse secondary antibody (Pierce), 0.4 g/ml rabbit polyclonal IgG anti-p44/42 MAPK primary antibody (Cell signaling, Beverley, MA) used in conjunction with 0.005 g/ml HRP-conjugated goat anti-rabbit IgG secondary antibody (Pierce), and 0.4 g/ml mouse monoclonal anti-phospho p44/42 MAPK (T202/ Y204) (Cell Signaling) used in conjunction with 0.005 g/ml HRPconjugated goat anti-mouse IgG secondary antibody (Pierce). For the immunoprecipitation assays, 3 g per 1,500 g total protein of rabbit polyclonal IgG human anti-VEGF-R3 antibody (Zymed) were used. The same antibody was used for probing the membranes containing immunoprecipitate of VEGF-C-treated cells at a concentration of 1 g/ml in conjunction with 0.01 g/ml HRP-conjugated goat antirabbit IgG secondary antibody (Pierce). Membranes were also probed with 0.1 g mouse monoclonal IgG 2b anti-phospho-tyrosine primary antibody (p-Y99, sc-7020, Santa Cruz Biotechnology) in conjunction with 0.0833 ng/ml HRP-conjugated anti-mouse IgG secondary antibody (Pierce) a protein A/G slurry (Santa Cruz Biotechnology). For the intracellular calcium experiments, cytotoxicity assays, Western blots, and immunoprecipitations cells were treated with 1 nM human recombinant VEGF-A protein (a kind gift from N. Ferrara, Genentec), 1 nM human recombinant VEGF-C protein (a kind gift from K. Alitalo), 0.32 g/ml neutralizing mouse monoclonal IgG2A antibody to VEGF-A (R&D Systems), 10 M MAZ51 (Calbiochem), 100 nM SU-5416 (Calbiochem), or left untreated.
Immunofluorescence. Adjacent 4-m cryosections of normal renal cortex were air-dried for 15 min and incubated consecutively with primary and secondary antibodies (in blocking solution; 5% fetal calf serum and 0.05% Tween 20 in PBS) before mounting in Vectashield aqueous mountant (Vector Laboratories). Secondary antibodies were applied consecutively. In control sections, the primary antibody was replaced with nonimmune immunoglobulin of the same class, species, and concentration. Sections were examined using a Leitz DMRB fluorescence microscope (Leica, Solms, Germany) and images were captured using a SPOT Slider 2 digital camera (Diagnostic Instruments, Optivision, West Yorkshire) and SPOT computer software (Diagnostic Instruments). Where resulting images are presented, original magnifications are indicated, and where images are compared, identical microscope and camera settings were used.
Cells grown to confluence on 10% collagen/PBS (collagen A, Autogen Bioclear, Calne, Wilts, UK)-coated glass coverslips were fixed in 2% formaldehyde and permeabilized in 0.3% Triton X-100. Cells were incubated with blocking solution and then with primary and secondary antibodies before mounting and viewing as above.
Immunohistochemistry. Sections were dewaxed by immersion in Histoclear (RA Lamb) for 5 min, then rehydrated in reduced quantities of ethanol (99, 90, and 70%) for a total of 2 min each. Slides were washed twice in distilled water for 5 min then twice in PBS for 5 min. Antigen retreival was performed by microwaving sections at 800 W for 8 -10 min using 0.1 M Tris/EDTA buffer at pH 9. Samples were allowed to cool, then washed twice in distilled water for 5 min each time. Sections were incubated with freshly prepared 3% hydrogen peroxide for 5 min, which was removed by two 5-min washes in PBS. Tissue sections were blocked in 1.5% normal horse serum for 20 -30 min in a humid chamber at room temperature. The sections were then incubated with the primary antibody at 4°C overnight. Adjacent tissue sections cut from the same block as those treated with the antibody were used as a nonimmune IgG negative control, from the same origin as the primary antibody. The following day tissue sections were incubated in blocking solution as before and then incubated with a biotinylated secondary antibody (Vector Laboratories) and left to incubate for 30 min at room temperature. A preprepared avidinbiotinylated enzyme complex kit (Elite, Vector Laboratories) was applied to the sections after two 5-min PBS-T washes. The procedure was completed by performing further two 5-min PBS-T washes and treating the sections with 3,3Ј-diaminobenzidine substrate (Vector Laboratories) to yield a brown colored product. Slides were counterstained with Mayer's hematoxylin dehydrated by passing through increasing concentrations of ethanol, cleared in xylene for 10 min, and permanently mounted in DPX mountant for histology. Slides were examined using a Nikon E-400 microscope (Nikon Instruments).
VEGF-C and [Ca 2ϩ ]i measurements in hCIPs. hCIPs were grown on coverslips to confluence, were incubated with Fura 2-AM (10 M) for 90 min in DMEM at room temperature, and the coverslip was then placed in a coverslip holder. The holder was mounted on a rig consisting of an inverted fluorescence microscope (DM IRB, Leica) equipped with a UV source (Cairn Instruments, World Precision Instruments) with filters for excitation at 340 and 380 nm. Fast switching was achieved using a rotary filter wheel at 50 Hz and a spectrophotometer for photometric measurement (Cairn Instruments). The spectrophotometer received emitted light via a 400-nm dichroic filter and a 510-to 530-nm barrier filter in front of the photometer. Powerlab software was used for analysis and graphic display.
Experiments were conducted in HBSS media containing minimal [Ca 2ϩ ]o (GIBCO BRL), therefore there was little difference between [Ca 2ϩ ]i and [Ca 2ϩ ]o. Tests samples of 1 nM human recombinant VEGF-C protein and HBSS, used as a negative control, were left to wash and record for 5 min. To ensure that [Ca 2ϩ ]i was effectively measured, 10 M ionomycin was added to stimulate Ca 2ϩ entry into the cells. One millimolar manganese chloride (MnCl2), in the continued presence of 10 M ionomycin, was then used to quench the calcium-sensitive Fura to determine the background (Ca 2ϩ independent) fluorescence signal.
Emission fluorescent measurements (I f) were taken four times a second. The ratio of the If measured during 340-nm excitation to that during 380-nm excitation (R), proportional to the calcium concentration, was calculated from R ϭ R exp /R min where Rexp ϭ (If340 Ϫ B340)/(If380 Ϫ B380). If340 is the If measured during excitation at 340 nm, If380 is the If measured during excitation at 380 nm, and B340 and B380 are the background If values measured during excitations at 340 and 380 nm, respectively (measured as the I f after Mn 2ϩ quenching). Rmin is the in vitro ratio for zero [Ca 2ϩ ]i concentration. The use of this ratio facilitates the detection of small changes in [Ca 2ϩ ]i, which are independent of the Fura loading.
Cytotoxicity assays. hCIPs were grown to confluency on a 96-well plate (Costar) and then serum starved. After 24 h, 100 l media were removed from each well and cytotoxicity was assayed using an LDH cytotoxicity detection kit (Roche) and quantified using a Bichrometric Multiscan plate reader (Labsystems). These samples were used for background LDH measurement (T xmin). The media were replaced with 100 l of FBS-free media containing either 1 nM VEGF-C, 10 M MAZ51 (a cell-permeable ATP-competitive VEGF-A receptor tyrosine kinase inhibitor with greatest specificity for VEGF-R3), 1 nM VEGF-C with MAZ51 100 nM SU-5416, a pan VEGF-R inhibitor, which at this concentration is specific for only VEGF-R1 (43), SU-5416 and VEGF-C or just FBS free media. Twenty-four hours later, 100 l of media were again removed from each well and cytotoxicity was assayed and quantified. These samples were used to determine the cytotoxicity (Txexp). Finally, 100 l of 2% Triton X-100/1ϫ PBS (final concentration 1%) were added to each well and left for 10 min to completely lyse the cells. One-hundred microliters were removed and cytotoxicity again was assayed and quantified. This enabled determination of the maximum LDH from the well (Txmax); % cytotoxicity (Tx) was calculated for each well as:
Min values are divided by two because the control media still left in the 96-well plate were diluted twice by day 2. Exp values are divided by two because the exp media in the plate were diluted twice by day 3. By day 3, the low control was diluted twice more and therefore was a quarter of the original reading. The high and exp readings were combined to allow for differences between treatments in the high control readings. Data were expressed as changes in percent cytotoxicity and significance was tested within experiments using a paired t-test and between experiments using an unpaired t-test (2 samples) or unpaired ANOVA (more than 2 samples).
Western blotting. Serum-starved hCIPs were treated with 1 nM VEGF-A for 20 min, 1 nM VEGF-C for 10 min, or left untreated for the appropriate amounts of time. All samples were lysed in Triton X-100 lysis buffer (containing 1ϫ PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM PMSF, 1 mM Na3VO4, and 20 g/ml aprotinin) on ice. The samples were cleared by centrifugation at 13,000 rpm for 15 min at 4°C and the pellet was discarded. Total protein was then quantified using the Bradford Bio-Rad assay (Bio-Rad) according to manufacturer's instructions. Protein samples were separated by SDS-PAGE under reducing conditions and were transferred to PVDF membranes. The membranes were blocked in 5% fat-free milk (or 3% BSA/PBS-T for the anti-p-Y antibody) before incubation with antibodies described above. After incubation with HRP-conjugated secondary antibodies (Santa Cruz Biotechnology), bands were detected by using the ECL chemiluminescence system (Amersham Biotech, Bucks, UK) or the SuperSignal West Femto Maximum Sensitivity Substrate (Pierce).
Immunoprecipitation. To determine the effect of exogenous VEGF-C on VEGF-R3 phosphorylation in hCIPs and HMVECs, cells were serum starved for 16 h and then treated with 1 nM VEGF-C for either 10 or for 2, 7, 20 min for the time response or left in serum-free media. Cells were then lysed, cleared, and protein was quantified as described above. Lysate from each sample was incubated with 3 g anti-VEGF-R3 antibody per 1,500 g total protein overnight at 4°C with gentle agitation. Ten microliters washed A/G agarose beads per 100-l sample were then added to each of the samples and left to incubate for at least 2 h, rocking at 4°C. Samples were then spun for 30 s at 13,000 rpm at 4°C, and the supernatant was removed and retained and the precipitate was washed three times with lysis buffer. Equal quantities of supernatant or the entire precipitate of each protein sample lysate were mixed with 3ϫ SDS loading buffer (100 mM Tris, pH 6.8, 4% SDS, 20% glycerol, 10% ␤-mecaptoethanol, and 0.2% bromophenal blue) and boiled for 5 min. The precipitate samples were vortexed, then centrifuged for a further 30 s at 13,000 rpm. All samples were run on a 7.5% SDS-PAGE gel at 90 V and were then transferred to a polyvynilidinefluoride (PVDF) membrane over a period of 90 min at 60 V. The membrane was probed with either an anti-VEGF-R3 antibody or an anti-p Y antibody.
RESULTS

VEGF-C and VEGF-D proteins are expressed within the glomerulus.
To investigate potential ligands for VEGF-R3 within the glomerulus, VEGF-C and VEGF-D expression was examined using immunofluorescence and immunohistochemistry on human renal cortex tissue sections. Figure 1A demonstrates positive staining for VEGF-C within the glomerulus on cells on the periphery of the glomerular tuft, indicative of podocytes, and Fig. 1C demonstrates positive staining for VEGF-D by the parietal epithelial cells, seen in a proportion of glomeruli. VEGF-D was also detected in a proportion of renal cortical vessels (Fig. 1E ). These results demonstrate that the two ligands for VEGF-R3, VEGF-C and VEGF-D, are differentially expressed in the glomerulus.
VEGF-C protein expression in hCIPs. VEGF-C expression was examined in hCIPs by Western blotting and immunofluorescence to confirm podocyte expression of VEGF-C. A Western blot probed with an antibody to VEGF-C ( Fig. 2A) revealed bands corresponding to different forms of VEGF-C (prepro-protein, proprotein, dimers and COOH-terminal fragments). Immunofluorescence on hCIPs using an antibody against VEGF-C demonstrated cytoplasmic staining (Fig. 2B) . These results show that hCIPs express VEGF-C, which suggests an autocrine role of VEGF-C on VEGF-R3 signaling in podocytes.
VEGF-C reduces [Ca 2ϩ ] i in cultured podocytes. To investigate whether VEGF-C could signal in hCIPs, and to investigate whether it could exert a similar response in hCIPs as previously shown for VEGF-A (10), the change in fluorescence ratio (R norm , proportional to changes in [Ca 2ϩ ] i ) in hCIPs was measured in response to VEGF-C. hCIPs were incubated in HBSS containing minimal [Ca 2ϩ ] o and were treated with 1 nM VEGF-C as described previously (10) . Changes in R norm were measured and compared with previously published effects of VEGF-A on the R norm in hCIPs. Interestingly, VEGF-C reduced the fluorescence ratio in hCIPs compared with baseline recordings (Fig. 3B) , as did VEGF-A (Fig. 3A) . The change in ratio in response to VEGF-C was immediate and rapid and was an approximately twofold greater reduction than baseline. After ϳ2 min, the response leveled off and remained constant until the end of the experiment. VEGF-C significantly reduced R norm by 0.74 Ϯ 0.09-fold of baseline (P Ͻ 0.05, 1-sample t-test, n ϭ 5; Fig. 3C ), and similarly, VEGF-A induced a significant reduction by 0.7 Ϯ 0.1-fold of baseline (P Ͻ 0.05, 1-sample t-test; Fig. 3C ). The function of reduced [Ca 2ϩ ] i in hCIPs is unknown, yet these results clearly show that VEGF-C can stimulate an effect in cultured podocytes. The reduction in [Ca 2ϩ ] i in response to both VEGF-C and VEGF-A suggests that the function of VEGF-C may be similar. One effect of VEGF-A on hCIPs was to reduce cytotoxicity induced by serum starvation (10); therefore, the effects of 1 nM VEGF-C on cytotoxicity induced by serum starvation were also investigated in hCIPs.
VEGF-C reduces cytotoxicity in cultured podocytes in a VEGF-R3 kinase-activated-dependent manner. In addition to the effects of 1 nM VEGF-C on cytotoxicity in hCIPs, the effects of VEGF-C on cytotoxicity induced by serum starvation on HEK293 cells, which do not express any known receptors for the VEGF family of proteins (VEGF-R1, VEGF-R2, or VEGF-R3), were determined to ensure that the effects of VEGF-C on hCIPs were cell specific. MAZ51, a small molecule VEGF-R3 inhibitor, was used to confirm the involvement of VEGF-R3 in VEGF-C signaling. hCIPs and HEK293 cells were serum starved for 16 h, then the media were replaced with fresh serum-free media with 1 nM VEGF-C, 10 M MAZ51 alone, or in combination with 1 nM VEGF-C or left untreated. The amount of LDH released from the cells into the media was quantified for the low, experimental, and high controls, using a colorimetric assay, as described above. The percentage cytotoxicity was calculated from the densitometry readings of the LDH release. VEGF-C reduced cytotoxicity induced by serum starvation in hCIPs, to a similar extent as that of VEGF-A (VEGF-C; 70.8 Ϯ 3.8% of serum-starved cells compared with VEGF-A; 77.3 Ϯ 4% of serum-starved cells, P Ͻ 0.05; Fig.  4A ). The reduction in cytotoxicity induced by VEGF-C was completely inhibited when preincubated, then coincubated with MAZ51 (106 Ϯ 2.1% cytotoxicity of cells that had been serum starved, ANOVA), whereas MAZ51 by itself was not cytotoxic (88.5 Ϯ 1.9% cytotoxicity of cells that had been serum starved, paired t-test). In contrast, VEGF-C had no significant effect on cytotoxicity in HEK293 cells, which had been serum starved (Fig. 4B ). HEK293 cells do not express any VEGF-A receptors, and these results demonstrate that the reduction in cytotoxicity in hCIPs induced by VEGF-C was cell specific. Together, these results suggest that VEGF-C promotes survival in hCIPs in a VEGF-R3-dependent manner. VEGF-C and VEGF-A regulate similar survival pathways in endothelial cells (lymphatic and vascular, respectively), and it was previously shown that VEGF-A also promotes survival in hCIPs (11) . This, however, appears to be through unconventional means because VEGF-A was shown to actually reduce Akt phosphorylation, a component of the PI3-kinase survival pathway, instead of inducing Akt phosphorylation. It was therefore investigated whether VEGF-C followed similar survival signaling cascades in hCIPs to lymphatic endothelial cells (whereby VEGF-C induces Akt phosphorylation) or whether it follows the unconventional route taken by VEGF-A in hCIPs.
VEGF-C decreases MAP kinase phosphorylation in cultured podocytes. To investigate potential survival pathways induced by VEGF-C in hCIPs and to compare these with VEGF-A signaling in podocytes, the effects of VEGF-C on Akt phosphorylation in hCIPs were examined. hCIPs were serum starved and treated with 1 nM VEGF-C for 10 min and then protein was extracted. The cell lysate was subjected to SDS-PAGE and transferred to a PVDF membrane, which was probed with an anti-phospho-Akt antibody. It was then stripped and reprobed with an anti-Akt antibody and the intensity of the bands corresponding to phospho-Akt was normalized to the intensity of the bands corresponding to Akt. There was no significant effect on Akt phosphorylation, induced by serum starvation, in cells that were treated with VEGF-C (0.87 Ϯ 0.12-fold lower than that in cells that had been serum starved; Fig. 5B ). In contrast, previously published results (11) demonstrate that VEGF-A significantly reduced Akt phosphorylation in hCIPs (in VEGF-A-treated cells Akt phosphorylation was 0.37 Ϯ 0.08-fold lower, P Ͻ 0.05; Fig. 5B ). These results indicate that VEGF-C does not activate the Akt survival pathway in hCIPs. VEGF-C survival signaling has also been associated with elevated levels of phosphorylated MAPK in HMVECs (28) . Hence, the effect of both VEGF-C and VEGF-A (and inhibition of VEGF-A with a neutralizing monoclonal antibody to VEGF-A) on MAPK phosphorylation in hCIPs was investigated. hCIPs were serum starved, then treated with VEGF-A for 20 min, VEGF-C for 10 min, a neutralizing monoclonal antibody to VEGF-A for 24 h or left untreated for the appropriate amount of time. Protein was extracted and subjected to SDS-PAGE, then transferred to a PVDF membrane and probed with an anti-phospho-MAPK antibody, then stripped and reprobed with an anti-MAPK antibody. The intensity of the band corresponding to phospho-MAPK was normalized to the intensity of the band corresponding to MAPK. Surprisingly, VEGF-C induced a significant reduction in phosphorylated MAPK levels (0.5 Ϯ 0.13-fold lower in than serum-starved phospho-MAPK, P Ͻ 0.05, ANOVA; Fig. 6B ). This was compared with VEGF-A-treated cells (1.25 Ϯ 0.12-fold greater than serum-starved phospho-MAPK) and cells treated with a neutralizing monoclonal antibody to VEGF-A (0.94 Ϯ 0.17-fold lower than serum-starved phospho-MAPK). The increase in phosphorylated MAPK levels in cells treated with VEGF-A compared with that of serum-starved cells was not significant (1-sample t-test, n ϭ 4 , not shown). It was interesting to note that neither VEGF-A nor the neutralizing monoclonal antibody to VEGF-A significantly increased phospho-MAPK in cells that were serum starved (Fig. 6B) . These results suggest, therefore, that VEGF-A and VEGF-C activate different signaling pathways in hCIPs to promote survival.
VEGF-C signals independently of VEGF-R3 phosphorylation.
In HMVECs, VEGF-C mediates its effects through VEGF-R2 and VEGF-R3 and it has been suggested that VEGF-C cannot activate VEGF-R3 in the absence of VEGF-R2 (2). Podocytes do not express VEGF-R2, therefore to confirm that VEGF-C signaling in hCIPs was dependent on VEGF-R3 phosphorylation, VEGF-R3 immunoprecipitations were carried out on VEGF-C-treated hCIPs. hCIPs were serum starved and treated with VEGF-C or left untreated for 10 min. The protein was extracted and immunoprecipitated using an anti-VEGF-R3 antibody and the precipitate and supernatant were subjected to SDS-PAGE, transferred to a PVDF membrane which was then probed with an anti-VEGF-R3 antibody, stripped then reprobed with an anti-p-Y antibody. Figure 7 gives an example of two hCIP experiments and one HMVEC experiment. VEGF-C is known to induce the tyrosine phosphorylation of VEGF-R3 in HMVECs, which express VEGF-R2 and VEGF-R3, therefore these cells were used to demonstrate the effectiveness of the assay. A band at 150 kDa, corresponding to VEGF-R3 was seen in each of the immunoprecipitations of hCIPs and HMVECs both treated with VEGF-C or left untreated (Fig. 7A) , demonstrating that the VEGF-R3 immunoprecipitation was successful. Despite stringent controls taken to load equal quantities of total protein (see METHODS) , there are obvious differences in intensity of the bands at 150 kDa, corresponding to VEGF-R3. This may be a consequence of lower overall expression of VEGF-R3 in some cell populations, and in the case of 20-min treatment with VEGF-C, may be due to changes in protein expression. However, when this membrane was stripped and reprobed with an anti-p-Y antibody, a band corresponding to 150 kDa was only seen in the immunoprecipitate of HMVECs treated with VEGF-C. Although demonstrating that the antibody was specific, this also suggests that VEGF-C did not induce VEGF-R3 phosphorylation in podocytes. To test whether this was because VEGF-C promotes survival signaling in podocytes on a different time course, VEGF-R3 immunoprecipitations were carried out on hCIPs treated with VEGF-C for 2, 7, or 20 min as shown in Fig. 8 . Distinct bands were seen when probed with anti-VEGF-R3 at 150 kDa, yet no bands were seen in any of the different time courses of VEGF-C treatment that correspond to VEGF-R3. Interestingly, it appears that a molecule of ϳ230 kDa was also immunopre- The only other receptor known to be expressed on podocytes, which may be involved in VEGF-C signaling is VEGF-R1, although it has not been shown to be activated directly by VEGF-C. SU-5416, a small molecule ATP inhibitor, was used to investigate its effects on the VEGF-C-mediated reduction in cytotoxicity. One hundred nanomolar was chosen as the IC 50 for VEGF-R1 has been reported to be 90 nM, whereas for VEGF-R2 and VEGF-R3 the IC 50 is greater than 1 M. Preincubation then coincubation with SU-5416 significantly blocked the reduction in cytotoxicity seen in response to VEGF-C (106.85 Ϯ 2.8% of serum-starved cells compared with that of VEGF-C alone; 88.2 Ϯ 3.3% of serum-starved conditions, P Ͻ 0.001, n ϭ 12, ANOVA; Fig. 9 ) yet had no effect on cytotoxicity when incubated by itself (99.4 Ϯ 2.9% of serum-starved conditions; Fig. 9 ).
DISCUSSION
Glomerular expression of VEGF-D and VEGF-C.
The results have refined previous observations regarding VEGF-C and -D expression in whole kidney by demonstrating glomerular expression of VEGF-C (podocytes) and VEGF-D (parietal epithelial cells). Local production of glomerular VEGF-C and VEGF-D suggests that VEGF-R3 expressed by podocytes is functional. However, as VEGF-D was only detected in some glomeruli and in parietal epithelial cells, "downstream" of VEGF-R3 on podocytes and separated by Bowman's space, we Fig. 4 . Effects of 1 nM VEGF-C on cytotoxicity in hCIPs (compared with 1 nM VEGF-A) are blocked by MAZ51 and are specific to hCIPs. hCIPs and HEK293 cells were serum starved, then treated with 1 nM VEGF-C, or left untreated for 24 h. hCIPs were also treated with 10 M MAZ51 in the presence/absence of VEGF-C. LDH release from the cells was quantified and the percentage of cytotoxicity was then calculated. Data were expressed as means Ϯ SE the ratio of the percentage of cytotoxicity (treatment/serum starvation). A: effects of VEGF-C on the percentage of cytotoxicity were compared to previously published effects of VEGF on the percentage of cytotoxicity in hCIPs. Both VEGF-C and VEGF-A significantly reduced the percentage of cytotoxicity (treatment/serum starvation), induced by serum starvation (paired t-test). MAZ51 treatment alone did not significantly reduce cytotoxicity compared with that of serum starvation. Preincubation and cotreatment of MAZ51 with VEGF-C significantly inhibited the effect of VEGF-C on cytotoxicity compared with that of VEGF-C alone (ANOVA). B: there was no significant difference in the effects of VEGF-C compared with serum starvation in HEK293 cells (paired t-test). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, n ϭ 16. Fig. 5 . Effects of 1 nM VEGF-C on Akt phosphorylation compared with VEGF-A in hCIPs. hCIPs were serum starved and treated with VEGF-A for 20 min, VEGF-C for 10 min, or the cells were left untreated for the appropriate amount of time. PVDF membranes containing this protein were probed with an anti-phospho-Akt antibody then stripped and reprobed with an anti-Akt antibody, examples are shown in A. B: data were expressed as means Ϯ SE ratios: phospho-Akt (treatment/ serum starvation)/total Akt (treatment/serum starvation). Akt phosphorylation induced by 1 nM VEGF-C was not significantly different from serum-starved levels, but it was significantly greater than in 1 nM VEGF-A-treated hCIPs (unpaired t-test) . SS, serum-starved cells. *P Ͻ 0.05, n ϭ 3 and 5, respectively. chose to study effects of VEGF-C. It is yet to be confirmed whether VEGF-D can exert a signaling effect in these cells.
VEGF-C as a potential autocrine factor in podocytes. The expression of VEGF-C by hCIPs suggests the possibility that VEGF-C may signal in an autocrine loop, binding and activating VEGF-R3 [as discussed by Jussila and Alitalo (21)]. In support of an autocrine action not only do podocytes express VEGF-R3 but NRP2 mRNA has also been detected (as well as NRP1) (14) , which binds VEGF-C and may be involved in VEGF-R3 signaling (22) . A parallel autocrine action of VEGF-A has been demonstrated in hCIPs where VEGF-A decreases intracellular calcium and acts as a survival factor (10) .
VEGF-C is predominantly expressed in the lymphatics and promotes survival, growth, and migration of lymphatic endothelial cells (28) . The VEGF-C survival pathways via VEGF-R3 are similar to those of VEGF-A via VEGF-R2. This VEGF-R3 activation by VEGF-C leads to phosphorylation of Akt and reduced apoptosis as well as PKC-dependent activation of p42/p44 MAPK, which has also been linked to survival in HMVECs (28) . In a leukemic cell line, which expresses VEGF-R2 and VEGF-R3, VEGF-C also promotes survival, indicated by increased Bcl-2/Bax ratios (6) . This evidence suggests that VEGF-A and VEGF-C may activate similar signaling pathways in podocytes.
Comparing VEGF-C to VEGF-A signaling in podocytes. A comparison between VEGF-C and VEGF-A signaling in hCIPs was tested initially by examining the effect of VEGF-C on the common second messsenger, [Ca 2ϩ ] i . VEGF-C induced a reduction in R norm , which is proportional to changes in [Ca 2ϩ ] i . This was proportionally similar to the reduction seen with VEGF-A. Changes in [Ca 2ϩ ] i may be indicative of numerous VEGF-C induced a reduction in cytotoxicity in hCIPs that had been serum starved, similar to that seen with VEGF-A in hCIPs (Fig. 4A) . VEGF-R3 tyrosine kinase inhibition by itself did not increase cytotoxicity above that induced by serum starvation, demonstrating that there was no nonspecific cytotoxic effect of MAZ51 on hCIPs (Fig. 4A ). Yet, MAZ51 should inhibit the endogenous VEGF-C autocrine loop through VEGF-R3, thereby inducing an increase in cytotoxicity. It is possible that the majority of VEGF-C detected in the glomerulus and podocytes by immunohistochemistry, immunofluorescence, and Western blotting is the longer, immature form (evident in Fig. 2A ) and a stimulus is needed to induce the proteolytic activation of VEGF-C. VEGF-R3 tyrosine kinase inhibition prevented the VEGF-C-induced reduction in cytotoxicity suggesting that VEGF-C promotes survival in a VEGF-R3 kinase activation-dependent manner. These results, together with the [Ca 2ϩ ] i results, suggest that VEGF-C has similar effects to that of VEGF-A, governed by VEGF-R3 and VEGF-R1, respectively. Similarly, in HMVECs it was shown that VEGF-C has a more pronounced effect on signaling than VEGF-A, even though HMVECs express both VEGF-R2 and VEGF-R3 (28) . It was suggested that this was due to the activation of both VEGF-R2 and VEGF-R3 by VEGF-C, unlike VEGF-A, which is not a ligand for VEGF-R3. The signaling pathways of both receptors were therefore suggested to be cumulative. This explanation cannot be applied to podocytes, which do not express VEGF-R2. In fact, it has been suggested that VEGF-C cannot activate VEGF-R3 in the absence of VEGF-R2 (2). This is clearly not universally the case, because VEGF-C induces an effect in a cell type which does not express VEGF-R2 (10). It may be possible, however, that VEGF-R3 can only be activated as part of a heterodimer, in which case VEGF-R1, expressed by podocytes (10) , is a potential candidate, although there is no evidence in the literature to date that these two receptors can heterodimerize. Interestingly, it is known that VEGF-R1 can heterodimerize with VEGF-R2 (23) and VEGF-R2 can heterodimerize with-VEGF-R3 (7). Fig. 8 . Time-dependent effects of VEGF-C on VEGF-R3 tyrosine phosphorylation in hCIPs. hCIPs were serum starved and treated with VEGF-C (VC) or left untreated (SS) for varying amounts of time. Protein was immunoprecipitated (IP) using an anti-VEGF-R3 antibody. A: both the lysate (not shown) and precipitate were subjected to SDS-PAGE, transferred to a PVDF membrane, and probed (IB) with an anti-VEGF-R3 antibody. B: membrane was stripped and reprobed using an anti-p-Y antibody. Bands of 150 kDa corresponding to VEGF-R3 were seen in all samples when probed with anti-VEGF-R3, demonstrating that the assay worked. There were no bands corresponding to phosphorylated VEGF-R3 when probed with the anti-p-Y antibody, although bands at ϳ230 kDa were seen in samples treated for just 2 min and also very faintly in those treated for 20 min. Fig. 9 . Reduction in cytotoxicity induced by VEGF-C is inhibited by SU-5416. hCIPs were serum starved, then treated with 1 nM VEGF-C, 100 nM SU-5416, VEGF-C with SU-5416 or left untreated for 24 h. LDH release from the cells was quantified and the percentage of cytotoxicity was then calculated. Data were expressed as means Ϯ SE for the ratio of the percentage of cytotoxicity (treatment/serum starvation). VEGF-C significantly reduced cytotoxicity to that of control but when cells were preincubated with SU-5416, the effects of VEGF-C on cytotoxicity were blocked. SU-5416 did not induce cytotoxicity by itself. *P Ͻ 0.05, **P Ͻ 0.001, ANOVA, Dunnett's post hoc test, n ϭ 12.
Potential mechanisms by which VEGF-C promotes survival in podocytes. VEGF-C did not appear to induce Akt phosphorylation at a time course and dose known to stimulate Akt phosphorylation in other cell types using a previously published time course (28) , whereas VEGF-A induces a reduction in Akt phosphorylation. This was surprising, yet it narrows down the possibilities for VEGF-C survival signaling. VEGF-C may act on a different time course to VEGF-A in podocytes, as observed with HMVECs; Akt phosphorylation induced by VEGF-C peaked at least 10 min before that of VEGF-A, and it also led to a more sustained upregulation of phosphorylated MAPK compared with VEGF-A (28). Therefore, VEGF-C could potentially promote survival in hCIPs through a reduction in apoptosis by activating a signaling pathway, which results in a more rapid response in Akt phosphorylation compared with VEGF-A and a more sustained MAPK phosphorylation response than VEGF-A.
MAPK phosphorylation, usually associated with mitogenesis in VEGF-A signaling (45) , has been implicated in VEGF-C survival signaling in HMVECs (28) . MAPK-activated kinases, such as Rsks (pp90 ribosomal S6 kinase family), are thought to phosphorylate the transcription factor, cAMP response element binding protein (CREB), which increases transcription of prosurvival genes, such as Bcl-2 (4). Rsks have also been shown to phosphorylate BAD at serine 112, a different serine residue to the one phosphorylated by activated AKT. MAPK phosphorylation can therefore potentially promote survival by upregulating antiapoptotic proteins and deactivating proapoptotic proteins. In contrast to this hypothesis, VEGF-C induced a reduction in MAPK phosphorylation in podocytes (Fig. 6) . It is interesting that a similar effect was seen to the effect of VEGF-A on Akt phosphorylation (Fig. 5) . It may be that basal MAPK phosphorylation levels are lower in cells that have been serum starved, including hCIPs. This has been demonstrated for basal Akt phosphorylation levels in serum-starved endothelial cells (12) . Conversely, increased MAPK phosphorylation has been associated with podocyte damage in animal and cell models such as a MAPK kinase-dependent increase in MMP-9 enzymatic activities in murine podocytes in response to TGF-␤ (27) , an increased level of ERK1/2 activity in rat podocytes with sublytic exposure to C5b-9 resulting in DNA damage (34) , and increased MAPK activity in a mouse model of collapsing FSGS of HIV-associated nephropathy (15) . It has also been described in biopsies of human diabetic nephropathy (36) . Therefore, a reduction in MAPK phosphorylation in podocytes in response to VEGF-C may actually be a protective mechanism, which supports our hypothesis of VEGF-C acting as a survival factor. In contrast to VEGF-C, neither recombinant VEGF-A protein nor a neutralizing antibody to VEGF-A had a significant effect on MAPK phosphorylation. This suggests that neither exogenous nor endogenous VEGF-A signals through MAPK phosphorylation in hCIPs, which is compatible with the absence of VEGF-R2 (26) .
VEGF-R3 activation by VEGF-C in podocytes. VEGF-R3 immunoprecipitation studies revealed that 1 nM VEGF-C does not appear to induce the phosphorylation of VEGF-R3, in contrast to the cytotoxicity assay that demonstrated that 1 nM VEGF-C induced a reduction in cytotoxicity, which was dependent on kinase activation of VEGF-R3. VEGF-R3 has both a kinase domain and a phosphorylation substrate, and it is assumed to function through autophosphorylation. It is possible that the treatment time of hCIPs by VEGF-C was not conducive to VEGF-R3 phosphorylation in this cell type and that it follows a more acute or more chronic time course. This was not apparent though with the times of VEGF-C treatment chosen in Fig. 8 . There seems to be a similar quantity of VEGF-R3 pulled down in the immunoprecipitation assays of the hCIPs compared with the HMVECs, so if VEGF-R3 is phosphorylated by VEGF-C then it would appear to be different due to the biochemistry of the receptor complex. Together, these results suggest that VEGF-C induces the kinase activation of VEGF-R3, yet not its phosphorylation. If VEGF-R3 is forming heterodimers with VEGF-R1, VEGF-C may be capable of binding to VEGF-R3, which would induce the transphosphorylation of VEGF-R1, but may not necessarily induce the phosphorylation of the specific tyrosine residue on VEGF-R3 to induce autophosphorylation. This would explain the lack of VEGF-R3 phosphorylation. Little is known, however, about possible heterodimerization or interaction of these two receptors. In fact, it has only recently been demonstrated that the cytoplasmic tail of VEGF-R3 contains five potential tyrosine residues (7) . We demonstrated that the reduction in cytotoxicity seen in response to VEGF-C is dependent on VEGF-R1 activation (Fig. 9) . This is the first demonstration that VEGF-C interacts with VEGF-R1 and raises many questions about the interaction of VEGF-R3 and VEGF-R1, which will need to be pursued in detail and may be relevant in other cell types, which also express VEGF-R1 and VEGF-R3. It also highlights the potential for VEGF-C to signal in a paracrine manner to other cells within the glomerulus, such as the endothelial cells, in a similar manner to VEGF-A. The glomerular endothelial cells are known to express VEGF-R1, VEGF-R2, VEGF-R3, and neuropilins (39) . The effects of VEGF-C on these cells may well be different to those on podocytes because of the presence of VEGF-R2. The effect of both VEGF-A and VEGF-C on podocytes and glomerular endothelial cells may ultimately lie with the expression levels of their VEGF receptors and their efficacy of activation.
In summary, VEGF-C promotes survival in hCIPs in both a VEGF-R3-and VEGF-R1-dependent manner, through a different mechanism to VEGF-A (summarized in Table 1 ). The exact receptor complex biochemistry and downstream signaling events for VEGF-C have yet to be elucidated. These results add to the increasing complexity of signaling pathways, which may maintain the unique phenotypes of glomerular cells, essential for their filtration function. 
